Background: Application of next-generation sequencing (NGS) to genomic DNA extracted from sewage offers a unique and cost-effective opportunity to study the genetic diversity of intestinal parasites. In this study, we used amplicon-based NGS to reveal and differentiate several common luminal intestinal parasitic protists, specifically Entamoeba, Endolimax, Iodamoeba, and Blastocystis, in sewage samples from Swedish treatment plants.
Introduction
Over the past few decades, molecular methods have enabled us to optimise detection and differentiation of intestinal parasites in human faecal material (Verweij and Stensvold, 2014; Stensvold et al., 2011a; van Lieshout and Verweij, 2010; Stensvold and Nielsen, 2012) . Studies of the genetic diversity within these parasites have been increasing due to the recognition that differences in genetic make-up may reflect variable clinical/public health significance of these parasites, including host specificity and clinical impact of infection (Stensvold et al., 2011a; Stensvold, 2019; Stensvold et al., 2009a; Verweij et al., 2001) .
For common luminal intestinal parasitic protists (CLIPPs) such as Blastocystis sp. and the archamoebids, reports of novel ribosomal lineages are emerging regularly (Stensvold, 2019; Verweij et al., 2001; Jacob et al., 2016; Elsheikha et al., 2018) . CLIPPS, a term recently coined to address all single-celled intestinal parasites usually confined to the intestinal lumen only (Stensvold, 2019) , are transmitted faecal-orally and have environmentally resistant stages that help them survive outside the host. Some of these lineages may represent species complexes. In this context, a species complex is a cluster of nuclear ribosomal RNA gene sequences that exhibit substantial levels of genetic divergence, on a scale usually observed between species in that particular genus. Examples include Entamoeba coli, which is known to have two lineages with 18S ribosomal RNA gene sequences differing by up to at least 13% (Stensvold et al., 2011b) , and Iodamoeba bütschlii, which is known also to comprise at least two ribosomal lineages with sequences that differ by about 30% (Stensvold et al., 2012a) . Preliminary data indicate a similar situation is present in Endolimax nana (Poulsen and Stensvold, 2016) .
Untreated sewage samples taken from sewage treatment plants represent pools of human excreta, and are valuable resources to explore the geographical distribution of and genetic diversity within CLIPPs. Application of next-generation sequencing (NGS) to DNA from sewage offers a unique and cost-effective opportunity to study the genetic diversity of CLIPPs, and, in the long run, may enable efficient and standardised surveillance of parasitic organisms.
We recently developed a NGS-based platform for detection and differentiation of prokaryotic and eukaryotic nuclear ribosomal DNA, which has already been used in a few studies (Krogsgaard et al., 2018; Ring et al., 2017; Lear et al., 2019) . In the present study, we used this method to reveal and differentiate taxa within several CLIPP genera in samples from Swedish sewage treatment plants.
Materials and methods

Samples and DNA extraction
Genomic DNAs were available from samples collected from eight different wastewater treatment plants (also referred to as sampling sites in the following) in southern Sweden from May 2014-December 2014. These wastewater samples were the same as those used in a previous limited study (Stensvold et al., 2018) , with an additional five samples added.
Each wastewater sample was shaken to ensure a homogenous sample, and 200 mL was filtered into a 200-mL Falcon bottle through four layers of gauze and centrifuged at 1700 ×g (3,000 rpm) for 10 min. The supernatants were decanted, leaving approximately 10 mL of each sample, which was transferred to a 10-mL centrifuge tube and centrifuged at 1700 ×g for 10 min, after which the supernatants were discarded. The sediments were washed again with Milli-Q water for 10 min at 1700 ×g and supernatants discarded. The resulting sediments were processed by a sucrose gradient to enrich these for spores and (oo)cysts, and DNA was extracted from separated cysts as previously described (Lebbad et al., 2008) .
PCR and sequencing
18S rRNA gene segments were amplified by PCR using a total of three primer sets as previously described (Krogsgaard et al., 2018; Ring et al., 2017; Lear et al., 2019) ; G3F1/G3R1 (5′-GCCAGCAGCCGCGGTAATTC-3′/5′-ACATTCTTGGCAAATGCTTTCGCAG-3′), G4F3/G4R3 (5′-CAGCCGCGGTAATTCCAGCTC-3′/5′-GGTGGTGCCCTTCCGTCAAT-3′) and G6F1/G6R1 (5′-TGGAGGGCAAGTCT GGTGCC-3′/5′-ACGGTATCTGATCGTCTTCGATCCC-3′). G3 and G6 primers target the hyper-variable regions V3-V4 of the 18S rRNA gene, and G4 primers target V3-V5. 18S rDNA was amplified in a 25 μL volume, using the REDExtract-N-Amp PCR ReadyMix (Sigma-Aldrich, St Louis, MO, USA) with 0.4 μM of each primer and 2 μL of template. PCR cycling conditions included initial denaturation at 95°C for 3 min, 20 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 30 s, and a final elongation at 72°C for 4 min. PCR products were prepared for sequencing by a second PCR (adaptor PCR), using the same PCR protocol as described above. This PCR attached an adaptor A, an index barcode, and a forward sequencing primer site to the 5′ end of the amplicons and an adaptor B, an index barcode, and a reverse sequencing primer site (RSP) to the 3′ end of the amplicons. DNA was quantified using the Quant-ITTM dsDNA High Sensitive Assay Kit (Thermo Fisher Scientific), and PCR2 products were pooled in equimolar amounts across samples. Undesirable DNA amplicons were removed from the pooled amplicon library by Agencourt AMPure XP bead (Beckman Coulter) purification. The resulting AMPure beads-purified pooled amplicon library was diluted to its final concentration of 11.5 pM DNA in 0.001 N NaOH and used for sequencing on the Illumina MiSeq desktop sequencer (Illumina Inc., San Diego, CA 29122, USA). The library was sequenced with the 500 rxn MiSeq Reagent Kit V2 in a 2 × 250 nt setup (Illumina Inc., San Diego, CA 29122, USA).
Sequence-based identification of parasite taxa
Data were analysed with BION (http://box.com/bion), a recently developed pipeline that accepts raw sequence data and includes steps for de-multiplexing, primer-extraction, sampling, sequence-and quality-based trimming and filtering, dereplication, clustering, chimera-checking, reference data similarities and taxonomic mapping and formatting. Non-overlapping paired reads are allowed for analysis. The filtered abundance matrix was analysed in R using the phyloseq (v.1.26.0) and ggplot (v.3.1.0) packages.
Sequences identified as being from Archamoebae and Blastocystis by BION were extracted from the html browser of BION for each of the samples and managed individually. The fasta-formatted sequences were clustered using Clustal Omega (https://www. ebi.ac.uk/Tools/msa/clustalo/; CLUSTAL O(1.2.4) multiple sequence alignment). Sequence alignment results were viewed with 'Jalview', and the consensus sequence of each cluster was analysed and confirmed to genus level by e.g., BLAST.
For E. nana and Entamoeba moshkovskii data, consensus sequences so obtained were aligned with reference sequences using the multiple sequence alignment option 'Muscle' in MEGA 6.0 (Tamura et al., 2013) . Alignments were edited manually so that ambiguously aligned bases were deleted and the edited alignment was used for phylogenetic analysis using the Neighbor-Joining algorithm as implemented in MEGA 6.0.
Four consensus sequences for E. nana and two for E. moshkovskii were deposited in GenBank (MN508053-MN508056 and MN498050-MN498051, respectively).
For Blastocystis data, consensus sequences were queried by the BLAST algorithm in the NCBI Database and annotated to subtype level based on the level of similarity to reference sequences.
Results
The number of archamoebid and Blastocystis sequences produced by the G3 primers was negligible compared with those produced by the G4 and G6 primers, and so only G4 and G6 sequence outputs were used. G6 sequences were typically shorter than the G4 sequences, and in contrast to most G4 sequences did not have gap in the middle when assembled.
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Both subtypes of E. coli acknowledged to date (Stensvold et al., 2011b) were found. Entamoeba coli ST1 was most common and found in 19/26 samples (73%), while E. coli ST2 was found in six samples (23%). Entamoeba coli ST1 was found at all sampling sites and E. coli ST2 at 5/8 sampling sites.
Entamoeba dispar was found at 6/8 sampling sites, and at one of these, it was observed in each of the four samples taken. In contrast, E. histolytica was found at only one of the treatment plants and only in one sample.
Extensive genetic diversity has been identified previously in both Endolimax and Iodamoeba. In the present study, only one of the two acknowledged ribosomal lineages of Iodamoeba was detected, namely RL1. With regard to Endolimax, phylogenetic analysis resulted in the recovery of no fewer than four clades; in sample A56, all four clades were found. Half of the sequences fell into a clade that included an as yet unpublished Endolimax sequence from a human (H80028).
Blastocystis subtypes 1-4 were found in all but two samples: in sample A63, no Blastocystis ST3 was found, while in A70, no Blastocystis ST1 was found. Blastocystis ST8 was found at 6/8 sampling sites, and in a total of 10/26 samples (38%). Finally, one sample was positive for Blastocystis ST10.
For quite a few samples, a genus or species (complex) was represented by multiple distinct lineages (e.g., four different sequences of Endolimax from a single sample mentioned above).
Discussion
Surveillance of parasites in raw and treated wastewater should employ robust, cost-effective, and precise molecular tools for detection and differentiation. Nevertheless, large-scale analysis of parasites in wastewater samples is still a costly and laborious activity. Studies relying on PCR followed by cloning and Sanger sequencing are also time consuming and expensive. Metagenomic analysis of microbial communities in faecal material, including sewage, has been undertaken previously, but most frequently with a view to surveying antimicrobial resistance genes rather than exploring taxonomic diversity. Moreover, most studies have focused on bacteria, and only a few studies have addressed eukaryotic populations in wastewater (Berglund et al., 2017; Li et Cryptosporidium. Finally, compared with bacteria, reference data for some parasitic eukaryotic organisms such as the Archamoebae are limited (Stensvold, 2019) . Nevertheless, recent studies of the genetic diversity within CLIPPs have led to the recognition of dozens of species and ribosomal lineages within Blastocystis, Entamoeba, Iodamoeba, and Endolimax. For instance, at least 17 ribosomal lineages of Blastocystis (the so-called subtypes, which are arguably species) have been identified in mammals and birds (Alfellani et al., 2013a) . In addition, what are known as E. coli, I. bütschlii, and E. nana based on morphology actually reflect species complexes rather than single species (Stensvold et al., 2011b; Stensvold et al., 2012a) . For example, E. coli ST1 (AF149915) and E. coli ST2 (AF149914) only share 86.7% identity across the entire 18S rRNA gene.
Unsurprisingly, parasites identified in the sewage samples analysed in the present study largely reflected parasites found in human stool. After the introduction of DNA-based methods to detect and differentiate Blastocystis, the estimated prevalence of this parasite increased tremendously (Stensvold et al., 2012b; El Safadi et al., 2014; Poulsen et al., 2016; Oliveira-Arbex et al., 2018) . Numerous surveys of the subtypes colonising humans have been undertaken, and it was recently estimated that more than 95% of all human Blastocystis carriage is attributed to subtypes 1-4 (Alfellani et al., 2013b) , all four of which were found in almost all our sewage samples. While subtypes 1-4 are the Blastocystis subtypes commonly seen in humans, these subtypes have also been found in non-human hosts, and so the question remains to what extent the Blastocystis detected in these samples might originate from hosts other than humans. Recent 18S rRNA gene allele analyses have detected cryptic host specificity in these subtypes (Alfellani et al., 2013c; Vaisusuk et al., 2018) , such that, e.g., ST3 strains isolated from humans are largely distinct from ST3 strains isolated from non-human primates. Since data for the same gene region are not produced by the methods used in this study, unfortunately it is not possible to speculate on the host origin of these subtypes. However, since the prevalence of parasites commonly found in livestock and wild animals, such as Blastocystis ST10, was low (only found in 1/26 samples), we believe that the Blastocystis ST1-ST4 identified here are mostly of human origin.
Given the distribution of parasite taxa found in this study and the broad specificity of the primers used, it is likely that only the most abundant species/genera were detected. We know from our previous study (Stensvold et al., 2018 ) that three of the samples included in the present study were positive for Entamoeba polecki using single-round conventional PCR; this species, however, did not show up in any reads from the present study. This circumstance also implies that since Blastocystis ST8 was detected so frequently, it must be relatively abundant in the sewage in which it was found. However, there are only single reports of ST8 in Sweden (Forsell et al., 2017) and Denmark (Stensvold et al., 2008) , in imported human cases. Due to the fact that Blastocystis ST8 has been so rarely reported in humans, it was a surprise to detect this particular subtype in so many of the samples. This raises the question of whether ST8 in the sewage is a result of human excretion or as a result of excretion from non-human hosts, such as rodents, birds or arthropods. The latter groups have had limited sampling, so there is still limited knowledge of the subtypes colonising them. To date, ST8 has only been identified with regularity in some New World monkeys (Alfellani et al., 2013c) . There are only sporadic reports of ST8 in humans (Forsell et al., 2017; Stensvold et al., 2008; Barbosa et al., 2018; Mattiucci et al., 2016; Stensvold et al., 2009b; Seguí et al., 2018) , non-human primates (Alfellani et al., 2013c; Helenbrook et al., 2015; Scicluna et al., 2006) , birds (Abe et al., 2003) , other hosts (Noradilah et al., 2017a) and water (Noradilah et al., 2017b) . Although ST8 has been reported once in bird droppings (Abe et al., 2003) the subtypes usually reported in birds are ST6 (Jacob et al., 2016) and ST7 (Stensvold et al., 2009b; Greige et al., 2018; Deng et al., 2019) . As these subtypes were not detected in this study, a limited contribution of birds to the sewage samples is suggested. Similarly, Blastocystis ST10, a subtype commonly found in ruminants, particularly in cattle (Stensvold et al., 2009b; Greige et al., 2019; Zhu et al., 2017) , is the only strictly 'non-human subtype' found in the material. It was found in only one of the samples, suggesting that the contribution of stool from larger animals to the sewage was limited. The host of the Blastocystis ST8 in our samples remains unknown at present.
The finding of E. coli ST2 in so many of the samples may provide another useful clue to contamination of the sewage by nonhuman faeces. Entamoeba coli has traditionally been regarded as a parasite of humans. Although there are no reports of E. coli in rats, a DNA sequence in the NCBI Database from a rat attributed to Entamoeba muris (FN396613) is in fact E. coli ST2 (Jacob et al., 2016) . This suggests that rats can be hosts of E. coli ST2. However, other non-primate hosts are also known to host E. coli ST2, namely the rhea (FN396614) and chinchilla (FR686439), suggesting a wider and incompletely known host range. Octonucleatecyst producing amoebae have been reported in birds -E. gallinarum in chickens, ducks and geese, for example. However, although it is tempting to speculate that rodents and birds may be common hosts of E. coli ST2, no DNA sequence data are available for E. gallinarum and until the genetic diversity and host specificity of this Entamoeba group is better mapped, the host origins of these protists in our samples remain obscure. With regard to E. coli ST1, DNA sequences belonging to this clade to date belong exclusively to humans and non-human primates.
Another common finding was E. moshkovskii, which is considered largely free-living but with the potential to infect humans, cattle and turtles (Jacob et al., 2016) . In 1961, Levine considered E. moshkovskii "not as a parasite of animals, but of the municipal digestive tract" and as a parasite that "occurs in sewage" (Levine, 1961) . Our findings strongly support the idea of E. moshkovskii as a "sewage parasite". Nevertheless, there were two major variants detected in this study. One of the variants (Clade 2, 55 sequences) was a consistent finding across all samples. It shares high similarity with a sequence from a Canadian sewage E. moshkovskii (FIC). The other clade (Clade 1, 16 sequences) was present in almost half of the samples. It has only limited similarity to previously identified E. moshkovskii sequences. A third clade, which includes the most widely studied E. moshkovskii strain (Laredo) (Wilson et al., 2019) was not found in our sewage samples, and neither was a fourth clade comprising mostly environmental isolates.
We detected vast genetic variation within Endolimax, with no fewer than four clades detected across the eight Endolimaxpositive samples included in Fig. 2 . Although insight into the genetic diversity within Endolimax is still limited, these data appear to confirm that, like I. bütschlii, parasites referred to as E. nana based on morphology actually reflect a species complex. This knowledge of course has consequences for studies seeking to investigate the role of Endolimax in health and disease, including the epidemiology of the parasite.
In this study, DNA was extracted only after isolation of cysts by gradient centrifugation. This means, that the DNA used may not yield the same results as DNA extracted directly from the sewage material. Importantly, the amount of DNA from trophozoites present in the sample material would be very limited. This might explain why we did not detect Dientamoeba fragilis, which is a parasite that is very common in Sweden and the rest of Scandinavia. Whether D. fragilis produces cysts is a matter of current debate (Clark et al., 2014; Munasinghe et al., 2013) , but if such cysts existed, DNA from such cysts would likely be present in the extracted DNA. However, we also know that the sensitivity of our platform in terms of detecting flagellate DNA is low, so Giardia and Dientamoeba are detected only when tested samples are highly positive as evidenced by e.g. real-time PCR (unpublished observations).
Given the complexity of sewage material, the present dataset should not be seen as an exhaustive analysis of the Blastocystis and Archamoebae present in the samples, due to template competition for primers. Nevertheless, the present dataset provides insight into the diversity of Blastocystis and Archamoebae present in sewage material in Sweden, and may be useful to inform future studies on genetic diversity within the genera detected and also -at least to some extent -on host specificity. Moreover, the diversity captured by this dataset should reflect the species circulating in the population of middle and southern Sweden. Fig. 2 . Phylogenetic analysis of Endolimax sequences obtained by the G6 primers. A total of 17 sequences for 8 samples were aligned with two reference sequences. This Neighbor-joining tree was produced using the Tajima-Nei Model with rate variation modelled with a Gamma distribution (shape parameter = 0.42), as selected by Model Test implemented in MEGA 6.0. Bootstrap proportions are shown where a node is supported by over 50% of the 1000 replicates.
